Abstract-Currently, most full-polarimetric synthetic aperture radar (SAR) systems adopt linear polarization (LP). On the other hand, circular polarization (CP) is also becoming popular due to its various benefits over LP. However, since CP-SAR is an emerging technique, there are not many imaging and polarimetric analysis results in the literature. As a fundamental study on CP-SAR, this paper presents the results of an investigation on the CP properties of ground-based SAR (GB-SAR) echoes from various canonical targets and a rice paddy sample. The C-band data acquired in a laboratory environment are analyzed and interpreted by means of several factors such as calibration performance, experimental verification of theoretical scattering matrices, imaging quality and accuracy of scattering decomposition results. The eigenvector-based decomposition of the coherency matrix is adopted, and the performance of CP in retrieving the targets' dominant scattering mechanisms and physical parameters is evaluated from entropy-alpha (H -ᾱ) plane and orientation angle (β) value. Results demonstrate the effectiveness of CP in interpreting and discriminating the SAR image features mainly owing to its distinct advantage of highly reliable received signal strength.
INTRODUCTION
Conventional synthetic aperture radar (SAR) utilizes linear polarization (LP) where the antenna transmits and receives horizontally (H) and vertically (V ) polarized signals. In recent years, various advanced techniques have been developed to aid polarimetric SAR (PolSAR) data interpretation and analysis in LP basis. PolSAR data provides scattering diversity in the form of co-polarization (HH, V V ) and cross-polarization (HV , V H) which can be further used for classification purposes. The Japanese ALOS-2, the Canadian RADARSAT-2, and the German TerraSAR-X are recent examples of the state of the art SAR satellites combined with full polarimetric capabilities [1] [2] [3] .
Currently, the Josaphat Microwave Remote Sensing Laboratory (JMRSL) of Chiba University in Japan is developing SAR systems for unmanned aerial vehicle (UAV), aircraft, and microsatellite platforms using circular polarization (CP), dubbed as CP-SAR [4, 5] . These CP-SAR sensors will be used in several applications such as land cover mapping and disaster monitoring [4] . CP radar has several expected benefits compared to LP radar. Touzi discussed that CP is more effective for ship detection at low off-nadir angle because it can directly detect either odd or even bounce back scattering [6] . CP is also known to be insensitive to Faraday rotation effect, where the reference plane of a transmitted microwave rotates as it propagates through the ionosphere of the Earth. This effect, especially experienced in low frequency L-band LP-SAR satellites causes undesirable reception of the opposing polarization [7, 8] . On the other hand, CP is more resistant to signal degradation due to ionosphere conditions. This advantage results in elimination of polarization mismatch losses [9, 10] . Easier alignment of the antenna on the radar platform and the high received signal strength irrespective of the target orientation are the other advantages of CP-SAR systems.
Besides its usefulness, however, CP-SAR is less studied because CP antennas cannot easily meet the design requirements such as gain, bandwidth, and axial ratio (AR). However, it is important to note that the advantages mentioned above usually outweigh this drawback. In [11] , Sheen et al. adopted CP antennas for millimeter-wave imaging technique of personal screening to detect the concealed handgun. CP technique has also been utilized in remote sensing of Moon surface by Arecibo telescope to observe a crater on the Moon [12] . In each case, the satellite onboard SAR which transmits and receives CP signal has not been utilized practically for target classification technique such as polarimetric decomposition in Earth observation so far.
This paper presents the polarimetric analysis results of C-band CP-SAR experiments for several canonical targets and a rice paddy sample. The main focus is to experimentally assess the capability of CP-SAR in imaging and polarimetric target decomposition for interpreting scattering mechanisms. To achieve this, we first developed a ground-based (GB) CP-SAR system and conducted stripmap SAR measurements inside an anechoic chamber. To obtain reliable scattering matrices of the targets, a full polarimetric calibration technique which compensates contamination of the radar system was applied to the collected CP-SAR data. For canonical scattering targets, we used a circular plate, a horizontal dihedral, and wires with different orientation angles about line of sight (LOS) which provide single scattering, double bounce scattering, and wire-like (linear) scattering, respectively. To investigate our method on a complex real world target, we performed measurements on rice plants. Among the substantial number of target decomposition techniques, the eigenvector-based decomposition has been exploited to determine the scattering mechanisms and estimate the targets physical parameters.
The paper is organized as follows. The next section introduces various polarimetric parameters in CP basis, the CP formulation of scattering matrix, and the eigenvector-based decomposition. Section 3 provides an explanation of the developed GB CP-SAR system. The experimental results are given in Section 4, followed by an analysis and discussion of the processed data. Last section concludes the paper.
POLARIMETRIC THEORY IN CIRCULAR POLARIZATION BASIS
Elliptical polarization (EP) can be generated by simultaneously transmitting H and V polarizations that have a phase shift between each other. Fig. 1 shows the electric field vectors trajectory for a general EP wave. CP is a special case wherein the phase shift between H and V channels is 90 • . The rotation direction of a CP signal can be either left handed CP (LHCP: hereafter L) or right handed CP (RHCP: hereafter R), determined by the traveling wave rotation direction observed from a fixed reference plane, as shown in Fig. 1(a) . Fig. 1(b) shows the observation plane's cross-section where ϕ ε is the ellipticity angle and ϕ τ is the tilt angle [10] . The ovality of ellipse and the sense of rotation are determined by ϕ ε and its sign, respectively. The polarization becomes exactly circular when ϕ ε is equal to ±45 • . Negative sign of ellipticity angle indicates a right-hand rotation whereas a positive sign is linked to a left hand rotation. On the other hand, polarization is called as linear polarization when ϕ ε equals to 0 • . Polarization state can also be expressed with an AR parameter, which is the ratio of the magnitudes of the fields two orthogonal components and defined in terms of the ellipticity angle ϕ ε as [10] :
Theoretically, 0 dB of AR represents an ideal CP whereas an infinite value corresponds to an ideal LP. For CP, however, it is usually difficult to obtain an ideal 0 dB AR over the entire antenna bandwidth, and thus a value of less than 3 dB is considered to be sufficient for most practical cases [13] .
Circular Polarization Scattering Matrix
The scattering matrix in LP basis can be converted to any arbitrary basis by unitary matrix called basis transformation matrix. The basis transformation matrix [U T ] is defined as [14] [
where ρ LP is the polarization ratio in LP basis which can be defined by using E 1 and E 2 in Fig. 1 
(b).
ρ LP and ϕ are calculated by
where φ 1 and φ 2 are the phases of E 1 and E 2 , respectively. As an example, transformation matrix converting from LP to CP basis is obtained by putting values into ρ LP and ϕ of Eqs. (2), (3), and (4). Ideal CP has 90 • phase shift and same amplitude between E 1 and E 2 , which results in ρ LP = j. Consequently, basis transformation matrix to convert from LP to CP basis with arbitrary tilt angle ϕ τ is determined as following:
The equation to transform scattering matrix in LP basis [S] LP to CP basis [S] CP with arbitrary tilt angle ϕ τ is expressed by:
Eigenvector Based Decomposition Theory in CP Basis
Eigenvector based decomposition is a technique that is suited for understanding the physical interpretation of the targets and their randomness, which is based on the statistical matrix such as covariance and coherency matrix [15] . Commonly the coherency matrix was used for this technique since it represents the scattering mechanism. In case of CP basis, the coherency matrix is obtained by converting from LP basis in this study. The averaged coherency matrix in LP basis is defined using Pauli vector k p as:
The coherency matrix in CP basis can be obtained by Pauli vector in CP basis c p that is linked to k p by using unitary matrix [U c ], shown as:
Then, coherency matrix in CP basis can be expressed as:
where λ i are the eigenvalues, and [U 3 ] is unitary orthogonal eigenvector (u i ) matrix which is defined by: 
The decomposition parameters, namely entropy H , averaged alpha angleᾱ, and averaged beta angleβ are defined as:
where
Entropy H is a measure of the randomness of the scattering process where high entropy values indicate the contribution of several scattering mechanisms while lower values imply non-depolarizing single scattering mechanism. Theoretical values ofᾱ andβ for commonly used canonical targets are listed in Table 1 . 
GROUND BASED CIRCULARLY POLARIZED SAR SYSTEM
GB CP-SAR system developed in this study consists of a VNA (vector network analyzer), CP horn antennas, an automated positioner controller, and a control PC as depicted in Fig. 2(a) . To generate CP signals, a 90 • phase shifter with a dual polarized horn antenna was used. Introducing a phase shift into the V-port generates L signal, whereas shifting the H-port phase will generate R signal [16] . The PC triggers and controls both the VNA and positioning mechanism. All parameters such as frequency, output power, frequency sampling points, azimuth sampling points, and the azimuth interval can be set via PC. The experiments within the anechoic chamber were carried out for the C band (4.5 to 7.5 GHz) with 801 frequency sampling points. An automatic positioning device moves the target along a 2.2 meter long rail with 22 mm azimuth interval. Experimental geometry and a sample photograph from the actual experiment are shown in Fig. 2(b) and Fig. 2(c) , respectively. As discussed in the previous section, the AR of an antenna should be less than 3 dB to transmit and receive an approximately ideal CP signal. The AR of the horn antenna used in the experiments was measured by a precise technique inside the anechoic chamber. The obtained results for the operating frequency range is shown in Fig. 3 . It is seen that the measured AR is under 2.5 dB except for around 7.2 GHz. According to the definition given in [13] , this performance of antenna is found to satisfy the requirements of CP transmission. 
Polarimetric Calibration
Accurate knowledge of the scattering matrices of targets is requisite to obtain highly reliable polarimetric analyses. In practice, however, the measured data is generally contaminated due to the imperfections in the antenna system. To estimate and eliminate this contamination, backscattering measurements of a set of canonical targets with known scattering matrices are generally exploited. Several approaches for LP radars have been developed for this process, called the polarimetric calibration [17] [18] [19] [20] . Recently, Izumi et al. proposed a calibration technique for CP radars [21] which is based on the adaptation of Wiesbeck et al.'s LP basis technique [17] . This approach was deployed in this study to calibrate the measured CP-SAR data. The calibration targets were selected as a circular plate, a vertical dihedral, and a 45 • inclined dihedral. The scatterometric measurements (i.e., static measurements at only one view angle) were performed to estimate the distortion parameters and to remove the errors introduced by these parameters. Using these distortion parameters, calibrated scattering matrices can be calculated. The results for circular plate and vertical dihedral test targets at 6 GHz are shown in Table 2 . The comparison of the uncalibrated and calibrated scattering matrices indicates the significant improvements in channel balances of dominant polarizations (S LR /S RL or S LL /S RR ). Moreover, the reduction in crosstalk is also clearly seen which validates the effectiveness of calibration.
SAR EXPERIMENT IN AN ANECHOIC CHAMBER
To analyze the CP-SAR performance, a GB-SAR experiment was conducted in an anechoic chamber. Focused SAR images were obtained, and then the eigenvector-based decomposition was applied to the target image signatures to estimate the polarimetric scattering parameters H,ᾱ andβ.
The experimental analysis procedure is explained in the following: The CP-SAR images were reconstructed by applying the conventional ω-k algorithm to the collected frequency domain data [22] . The chosen canonical test targets were a circular plate, a horizontal dihedral, a vertical wire, a horizontal wire, and a 45 • inclined wire. For a complex target, we measured scattering from rice plants which was set inside a polystyrene foam box with soil and water. The offnadir angle was set to 90 • for canonical targets and 76 • for the rice plants. The photographs of the measured targets are seen in Fig. 4 . 
Experimental Results
Reconstructed CP-SAR images of the targets are shown in Fig. 5 which are displayed on a normalized 40 dB dynamic range. Since S RL images are equal to S LR images under the reciprocity theorem, only the S LR images are included in Fig. 5 . These CP-SAR images validate the good imaging ability since the shape of each target was successfully retrieved. Moreover, the wire targets in three orientation angles (i.e., vertical, horizontal, and 45 • ) exhibit almost same intensity levels for all polarizations, which validates the invariance of CP signal's intensity to LOS rotation of targets. This attribute of CP is usually regarded as important for accurate remote sensing because the effect of Faraday rotation for satellite and antenna misalignment/orientation angle for UAV or aircraft could be reduced by this way. It is well known that soil and water produce single (surface or specular) scattering, cloud of leafy structures produce volume scattering, and combination of the rice plants with ground surface (dihedral structure) produce double bounce scattering [23] . CP-SAR image provides the knowledge of odd-or even-bounce scattering mechanisms by examining the cross-or co-polarization components respectively. This can be confirmed from the CP-SAR images of the circular plate and the dihedral which are displayed in Fig. 5(a) and Fig. 5(b) . However, the detailed analysis is difficult to investigate from only CP-SAR images if wire-like targets exist in the region of interest because scattering mechanism from wire targets contributes to both cross-and co-polarization channels. The CP-SAR images of the rice plants in Fig. 5(f) show single and double bounce scattering mechanisms for LR and LL (or RR) images respectively. However, wire (linear) scattering mechanism is also seen in all polarization images as discussed.
To investigate the phase and amplitude relations between polarimetric channels, the scattering matrices of targets are extracted from the target location (maximum intensity pixel). The scattering matrix of the rice plants is not included since its SAR signatures are not uniform around the target location. The results are shown in Table 3 together with theoretical scattering matrices of each target. The relative phases and amplitudes are seen to be in good agreement with their correct values owing to the effective polarimetric calibration. The eigenvector-based decomposition is then applied to LL, LR, and RR image data set. These polarization data are converted to coherency matrix and also averaged by moving average filter (3 × 3 window size). The H andᾱ results for the deployed canonical targets are displayed on the H -ᾱ plane, as shown in Fig. 6 (only target pixels are considered) . Theβ values are acquired by averaging over the target region which are listed in Table 4 . For the rice plants, H ,ᾱ, andβ images are generated and displayed in Fig. 7 .
H -ᾱ plane is commonly used for unsupervised classification with some special zones which indicate different scattering mechanisms [15] . Since our canonical targets are regarded as point-target circular plate, dihedral, and wire, they should lie in the regions of; low entropy surface scattering (Z9 in Fig. 6 ), multiple (even-bounce) scattering (Z7 in Fig. 6 ) and wire-like scattering (Z8 in Fig. 6 Fig. 7 shows high entropy value (≈ 0.6) in some areas. These high entropy areas can be observed in around planted area, indicating multiple scattering mechanisms. Theᾱ image of the rice plants exhibits ≈ 0 • , ≈ 45 • , and ≈ 90 • values which implies surface, wire-like (linear), and double bounce scattering mechanism respectively. Theβ image of the rice plants displays ≈ 0 • value except for some small areas which verifies that no inclined scatters are existing. Overall, although each rice cannot be recognized due to low resolution, the brief contribution of each scattering mechanism could be displayed by this decomposition technique in CP-basis.
CONCLUSIONS
In this research, the CP-SAR capability is investigated in terms of imaging and polarimetric decomposition performance through CP-SAR imaging experiments conducted in an anechoic chamber. We developed a GB CP-SAR system that comprised of a VNA, horn antennas with 90 • phase shifters, automated positioning system, and PC, which can be operated within C-band. To precisely evaluate the CP-SAR performance, a polarimetric calibration technique for CP-radar was employed. Several canonical and complex targets; namely a circular plate, a horizontal dihedral, a vertical wire, a horizontal wire, a 45 • inclined wire, and rice plants were selected for the imaging targets.
The obtained CP-SAR images were able to capture the forms of each target and have scattering matrices in satisfactory agreement with theoretical ones. The wire targets in three orientations (vertical, horizontal, and 45 • ) produced similar intensity levels among all polarizations which experimentally proves that the invariance of CP signal's intensity to LOS rotation of targets. The eigenvector-based decomposition parameters H ,ᾱ, andβ that were derived from CP-SAR images were also in close agreement with theory. Theβ of the 45 • inclined wire target showed ≈ 90 • while other targets showed ≈ 0 • . Moreover, the rice plants showed brief classification result within the planted area. From the experimental results, we confirmed that the less intensity effect of orientation angle in CP-SAR image and unsupervised classification capability using polarimetric decomposition technique.
This research contributes to the ground-based validation study about CP-SAR polarimetry which leads to the JMRSL next generation mission of CP-SAR for UAV, aircraft, and microsatellite. Further analysis will be implemented in outdoor experiment as a ground-based observation and after the CP-SAR mission starts operation in the near future.
